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ABSTRACT
An experiment involving the design and construction of
a prototype sub-bottom high resolution sonar system
utilizing non-linear pulse self-demodulation and suitable
for deep water use is described. It is possible to generate
a low frequency wave using the self-demodulation of a
short, high frequency, finite amplitude pulse produced by
the non-linear properties of the medium. The generated low
frequency wave will theoretically have the high directivity
of the primary wave while simultaneously possessing the
bottom penetrating characteristics of the lower frequency.
Measurements demonstrate that the pulse self-demodulation
occurs as theoretically predicted, and the results are
successfully applied to the design of the sonar system.
Shallow water tests demonstrating the potential effective-
ness of the sonar system for detection and classification
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A. SCATTERING OF SOUND BY SOUND IN CLASSICAL FLUIDS
The generation of a propagating sound wave through the
non-linear interaction of two other sound waves in clas-
sical fluids has been the subject of many theoretical and
experimental investigations over the past twenty years. The
application of this non-linear acoustic process, commonly
called the "scattering of sound by sound" [Refs. 1,2], to
the production of long range highly directional sonar signal
transmissions has engendered a great deal of interest.
The consideration of finite amplitude or non-linear
effects in acoustics requires the abandonment of two of the
most fundamental and useful principles of linear acoustics:
linear superposition and wave form stability. The principle
of linear superposition is obviously violated when the
interaction of two waves produces a third independent wave.
The distortion of a wave can also be understood as a conse-
quence of the scattering of sound by sound if the distortion
is considered as a self scattering process.
The general thrust of investigations concerning these
effects in fluids has been along the direction set by
Westervelt [Ref . 3] . His analysis of the transmission of
a "difference frequency" signal considers it to be radiated
from an array of sources, driven by the non-linear terms in
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the hydrodynamic equations and the equation of state, dis-
tributed continuously throughout the volume of interaction
of the two primary waves. This virtual source array is
analogous to an end-fire array and for this reason is fre-
quently called a parametric end-fire array.
Westervelt [Ref. 4] established theoretically that the
difference frequency wave resulting from the interaction of
two collimated, co-linear plane waves whose frequencies
were nearly equal would be highly directional. A subsequent
paper by Bellen, Westervelt and Beyer [Ref. 5] presented an
experimental verification of this result. As previously
stated, the possibility of exploiting this difference fre-
quency radiation in sonar systems to achieve highly direc-
tional, low frequency beams from small apertures has
stimulated considerable interest in the applications of
non-linear acoustics [Ref. 6]. In particular, Muir [Ref. 7]
has obtained considerable data on penetration of parametric
beams in sediment.
B. SELF-DEMODULATION OF A PULSED ACOUSTIC CARRIER WAVE
One of the first difficulties encountered in attempts
to utilize practically finite amplitude effects has its
root in the characteristics of the fluid itself. A clas-
sical fluid can support only longitudinal sound modes and,
in the absence of dispersion, the non-linear production of
a propagating wave can only take place if the primary waves
16

are co-linear [Ref. 8]. Maintaining colinearity of sources
in a practical sonar system is not an easy task.
In 1965, Berktay presented a paper describing a "pulse
produced by the self-demodulation of a pulsed carrier"
[Ref. 6]. It has been established that the radiation pres-
sure of a pulsed carrier propagating in a homogeneous fluid
follows the envelope of the carrier [Ref. 9] . Because of
the non-linearity of the acoustic propagation, the primary
wave will interact with itself. According to Berktay, the
interaction will produce two components; a band-limited
signal at twice the carrier frequency which will be rela-
tively rapidly attenuated by the medium, and a lower fre-
quency signal whose bandwidth is a direct function of the
carrier envelope and is the component of interest. The
medium essentially plays the role of an acoustic demodula-
tor and low pass filter.
Besides the elimination of the difficulties associated
with colinear beams, this approach has some other distinct
advantages. The propagated energy is contained within a
short pulse, thus facilitating signal processing. Further,
the beam width is quite narrow and without sidelobes
because of the end fire array effect. Since the carrier is
relatively high with short pulse duration the transmitted
power density can be quite high without causing cavitation.
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Berktay ' s theory has been accurately confirmed by
experiments conducted in carbon tetrachloride by Moffet,
Westervelt and Beyer [Refs. 10,11].
C. A NAVAL APPLICATION OF THE PULSE SELF-DEMODULATION
PHENOMENON
One of the potential applications for finite amplitude
acoustics involves locating objects buried in ocean sedi-
ments. By using the self-demodulation effect, and an
appropriate choice of carrier frequency, the carrier will
be attenuated by the water- sediment interface while the much
lower frequency envelope function produced by the non-linear
interaction will penetrate the interface and be reflected by
the buried object, which is assumed to have a density dif-
ferent from that of the surrounding sediment. This phe-
nomenon, in conjunction with the narrow projector beamwidth
derived from the carrier frequency and coupled with a
suitable position-fixing system, would facilitate locating
the object with a high degree of accuracy in three dimen-
sions. Further, by suitable choice of pulse length, a
significant degree of target discrimination can be achieved.
The potential naval applications for such a technique
are numerous. It is the purpose of this thesis to examine
the theory inherent in this technique and to present a




II. NATURE OF THE PROBLEM
A. SYSTEM DESCRIPTION
A system has been designed using this phenomenon to
assist in locating and recovering research and development
torpedoes buried in the silty marine sediment of the
Nanoose Torpedo Test Range in the Straits of Georgia Basin
near Canada's southwest coast. Water depth in this region
ranges between 300 and 500 meters. Sediment depths in the
area range between 10 to 15 meters on the slopes of the
basin and 260 meters on the basin floor. The sediment has
a gradually varying density between 1250 kilograms per cubic
meter to 1360 kilograms per cubic meter [Ref. 12].
The present intention is to mount the system on
existing platforms which include: (a) a submersible vehicle
that is towed along the basin floor at approximately 10
meters or less above the sediment and, (b) a tethered "free
swimmer" type vehicle operating with approximately the same
altitude above the sediment as the towed vehicle. In
either case, vehicle position is monitored via a combination
of a fathometer on the vehicle and a three dimensional
acoustic tracking range permanently installed in the basin.
B. CONSTRAINTS AND REQUIREMENTS
To date, very little study of pulse self-demodulation
effects in the ocean medium appears in the literature.
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Previous experiments demonstrating the effect have been
performed with primary frequencies in the megahertz range
in mediums such as carbon tetrachloride, and in water tanks
over short ranges. In order to utilize the pulse self-
demodulation effect in an ocean/sediment environment, the
existing theory and experimental results must be extended
and modified by the system and environmental constraints
inherent in this application. Therefore, these constraints
will dictate system design requirements.
First, the pulse self-demodulation must be generated
in the ocean medium. This requires a high source level
without causing cavitation. A design goal of 230 dB re 1
micropascal was selected while pulse length was to be
restricted to less than 200 microseconds for cavitation
avoidance and range resolution. The projector size and
weight were also to be limited such that the source could
be installed in existing search vehicles. A primary fre-
quency of 100 kHz was chosen to produce the desired narrow
source beamwidth with suitable attenuation in the medium.
Since the search vehicle is only several meters from
the sediment surface, electrical power to the projector
must be transmitted down several hundred meters of cable.
Because of the difficulties involved in transmitting a high
power tone burst over a very long cable, the decision was
made to shock excite the projector by charging a capacitor
on the search vehicle to a high DC potential via the cable
20

and then triggering the projector by discharging the capaci-
tor through a pulse transformer. In this manner, most of
the heavy weight electronics can be retained on the support
vessel. This method dictates that the projector transducer
must also have a low Q so that the short pulse requirement
is achieved.
The resultant acoustic pulse must be as pure a sinusoid
as possible with an envelope which will produce a secondary
pulse whose spectral energy is confined to frequencies
between 3 kHz and 15 kHz to facilitate sediment penetration.
Since the shock excited source "rings" at its natural fre-
quency, pulse purity and envelope shape depend on the tran-
sient response of the transducer.
Another design consideration dictated by the proximity
of the search vehicle to the bottom involves detection of
the pulse self-demodulation at ranges much shorter than
theoretically required for the medium to attenuate the
primary frequency. Therefore, a low pass filter was
designed for the "front end" of the receiver electronics
with the intention that the filter would simulate the
attenuation of several hundred meters of ocean/ sediment
.
The attenuation exhibited by the sediment at this location
is on the order of 10 dB/m at 100 kHz to 2 dB/m at 9 kHz
[Refs. 13,14].
This application requires target discrimination for
cylindrical objects approximately 30 cemtimeters or mora in
21

diameter and 2.5 meters or more in length with good resolu-
tion of target depth and orientation in the sediment.
Doppler is not expected to affect the design since the tar-
get is stationary, the search vessel is operated at low
speeds (generally 5 knots or less) , and the bandwidth is
quite wide.
A pulse repetition rate of 25 Hz to 30 Hz was desired
corresponding to the two-way time delay to a maximum range
of about 50 meters. This rate was anticipated to be rapid
enough for target detection and definition if the projector
is mechanically scanned from side to side.
The final constraints on the system involved the trans-
mitter and receiver electronics. First, the receiver must
detect both the primary pulse reflection from the sediment
surface and the secondary pulse reflection from the target/
hard bottom. The secondary pulse amplitude is expected to
be on the order of 50 dB to 6 dB below that of the primary
pulse. Second, because of the high source levels involved,
it was expected that the receiver hydrophone would be
separated from the projector by some finite distance.
Finally, and most significantly, the receiver electronics
must respond to signals in a linear fashion to avoid elec-
tronic non-linear effects which might be confused with the





Two approaches were chosen to obtain a projector that
would meet the stated design requirements. The first
approach involved the local design and construction of a
low Q, high power projector. The second approach was to
order a commercially built projector from International
Transducer Corporation (ITC) of Goleta, California. This
second approach was taken to ensure that the basic premise
of investigating the self-demodulation effect in a prac-
tical system would not be jeopardized by the lack of a
suitable source. Further, the locally designed and con-
structed projector would have a different source geometry
than that of the ITC projector. This would permit compari-
son of the two source geometries.
1 . Ceramic Selection and Element Configuration
The first stage in the local design and construc-
tion approach was to obtain suitable piezoelectric ceramic
elements. Eighteen lead titanate zirconate ceramic disks
produced by Channel Industries, Incorporated, of Santa
Barbara, California were obtained from production over-run
stock in order to secure fast delivery. This particular
ceramic, "CHANNEL 5400," exhibited the properties desired
23

for a low Q, high power projector [Ref. 15]. Disks 3 inches
in diameter, 0.25 inches thick and polarized in the thick-
ness mode were used for individual elements. The elements
were to operate in pairs, such that the positive polarity
faces of the ceramics are together in physical and elec-
trical contact, [Fig. 3-1 (a) ] , and would radiate in the
thickness mode from both faces to lower the Q. An advan-
tage to this construction is that it approximates a rigidly
backed piston for each element; i.e., a velocity node on
the plane of contact of the elements. This method also
reduces the size, weight and complexity of the projector by
eliminating the air-backing and tail mass usually associated
with high power projectors. A planar array of these element
pairs would then be placed in a corner reflector to provide
a transmit aperture radiating in one direction.
2. First Prototype
The first prototype projector consisted of a single
pair of elements. This prototype was constructed primarily
to examine what types of adhesives and electrical contacts
could be utilized to facilitate construction and ensure
structural robustness. The adhesive chosen was an indus-
trial epoxy, PR-420, and the electrical contact was
"EXMET", a fine mesh copper screen. This choice of adhe-
sive and contact material worked well but the resonant fre-
quency of the pair, approximately 66 kHz, was considerably
lower than predicted by the given characteristics of the
24

ceramics [Ref . 15] . It is believed this was due to the
added compliance of the epoxy between the elements.
3, Second Prototype
The second prototype also consisted of a single
pair of elements. The adhesive used for this prototype was
EASTMAN KODAK CYANOLATE ADHESIVE (super glue) and the elec-
trical contact was "EXMET". A brass plate 0.125 inches
thick was cemented to the radiating surfaces with a layer
of "EXMET" between the plate and the radiating surface,
[Fig. 3-1 (b) ] , for electrical contact on the return or
negative side. The pair was then embedded in a sandwich of
0.25 inch thick plexiglass (lucite) to provide a simple and
rugged structure that would facilitate sealing and mounting
in a corner reflector. Fig. 3-2 shows details of this
prototype.
The characteristics of this second prototype that
were of particular interest were the electrical capacitance
exhibited by the parallel combination of the two ceramic
disks and the beamwidth and sidelobe levels presented by
the 90 degree corner reflector. These parameters were
needed to predict the electromechanical behavior of the
full scale prototype projector and to determine the best
shape for the corner reflector. The capacitance, as
measured using an HP-4261A LCR meter, was approximately 12
nanofarads for the pair in parallel. The admittance




















Diagram of source element construction techniques











Fig. 3-3. The resonance at 7 5 kHz was a marked improvement
over the first prototype. There was an additional resonance
at approximately 33 kHz, not shown in Fig. 3-3, that corres-
ponds to the radial mode of vibration.
Beam patterns for the second prototype were taken
at 3 meters distance in an anechoic tank. The prototype was
excited with a tone burst because the shock excitation
transmit system had not been completed at this stage. The
tone burst used was at 75 kHz and had a pulse duration of
100 microseconds. The corner reflector was a rectangular
piece of 0.0625 inch thick aluminum covered with a layer of
0.375 inch thick cell-tite neoprene rubber (wetsuit
material) to provide a pressure release surface. Fig. 3-2
shows details of the corner reflector. Figs. 3-4 and 3-5
show the beam patterns without and with the corner reflec-
tor, respectively. The pattern in Fig. 3-4 was taken by
examining the transmission from only one side of the pair.
It shows a pattern typical of that produced by a circular
piston. Fig. 3-5 shows the pattern with the transducer
mounted in the corner reflector. Significant narrowing of
the on axis beam was observed, along with a strong increase
in the sidelobe levels. This caused some consternation as
the initial assumption was that the corner reflector would
image both radiating surfaces as circular pistons. Upon
further examination, the pattern in Fig. 3-5 was seen to be


























Beam pattern of second prototype transducer









Beam pattern of second prototype transducer
at 79 kHz. (Mirrors attached)
31

uniform amplitude shading. The pattern appeared to be
determined more by the shape of the mirror than the shape
of the transducer elements.
The shock excitation transmit system was completed
by this time and tested using this prototype. The response
of the projector to shock excitation was encouraging as it
produced a fairly clean pulse at approximately 79 kHz and
120 microseconds in length.
The examination of this second prototype provided
some significant guidelines for consideration in designing
the follow-on prototypes. First, the use of the CYANOLATE
adhesive seemed to eliminate the added compliance seen in
the first prototype and raised the resonant frequency
toward the goal of 100 kHz. Second, the shape of the
corner reflector would be crucial in forming an aperture
that would approximate a circular piston.
4 . Third Prototype
Utilizing the guidelines suggested by the examina-
tion of the second prototype, a third prototype was con-
structed. The design of this third prototype had three
significant modifications from its predecessor; the brass
loading plates were eliminated from the radiating surfaces,
brass shim stock (0.001 inch) was substituted for the
"EXMET" and the corner reflector was to be trimmed in such
a manner as to present a nearly circular aperture. Unfor-
tunately, this prototype suffered a catastrophic flooding
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failure during admittance measurements and no reliable data
were collected.
5. Fourth Prototype
Due to time constraints, the decision was made to
press ahead with the full scale prototype and order a pro-
jector from ITC, concurrently.
The full scale prototype, constructed using the
lessons learned from the second prototype, consisted of
seven pairs of elements in a plexiglass sandwich. Details
of the structure are shown in Figs. 3-6 through 3-10. The
entire array was coated with several layers of liquid
neoprene to ensure that a flooding casualty was not
repeated. The corner reflector was cut to approximate a
circular aperture when viewed from the direction of trans-
mission. The initial material chosen was 0.375 inch mild
steel. It was thought that a rigid reflection from a
quarter wave thick surface would increase the power emitted
from the aperture as compared to a pressure release reflec-
tion. However, shear waves were apparently generated in
the steel and caused unacceptable pulse distortion. To
remedy this situation, a composite of plexiglass and cell-
tite neoprene was fixed to the steel reflecting surfaces
to provide a pressure release reflection. The capacitance
of this prototype, as measured using an HP-4261A LCR meter,
is approximately 92 nanofarads, including 15 feet of







































































































































Experimental corner reflector type
projector constructed for thesis
research. Consists of seven pairs of
3" ceramic elements in a planar array,
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measured using a system developed by LCDR L.J. Skowronek,
USN [Ref. 16] and are detailed in Figs. 3-11 through 3-13.
The prototype was suspended in an anechoic tank and
preliminary data were taken to check out the overall system
performance and response to shock excitation. The shock
excited pulse, as seen at 3 meters from the source with an
800 VDC drive, was on the order of 210 dB re 1 micropascal
but was decidedly not monochromatic. Fig. 3-14 shows this
pulse as seen on the pulse transformer secondary. The
pulse is approximately 100 microseconds in length but con-
tains frequency components of approximately 200 kHz, 88 kHz
and 33 kHz. A spectrum analysis of this pulse (as observed
in water) using a Schlumberger analyzer with a translator
is shown in Fig. 3-15. The wide spectrum produced by the
lower primary frequencies of this pulse nearly overlaps the
frequency range of the desired secondary spectrum, pre-
dicted to be approximately 5 kHz to 10 kHz based on overall
pulse length. This was due to the apparent pulse length of
the 200 kHz high power component, approximately 30 micro-
seconds, generating a broad secondary spectrum centered
around 30 kHz and enhanced by the 3 3 kHz component of the
primary. In addition, the shape of the secondary pulse was
not predictable enough to allow for signal processing. The
rapid "turn-on, turn-off" of the three primary components
produced a relatively broad spectrum of secondaries that






















































































































































Mode conversion in fourth prototype transducer
as viewed on pulse transformer secondary.
























































was determined that the element pairs were undergoing uncon-
trolled mode conversion in dissipating the energy applied
by the shock excitation pulse.
Rather than scrapping the fourth prototype com-
pletely, it was decided to test it with a tone burst to
determine its response to a clean pulsed input. Maximum
response was at 76 kHz, Fig. 3-16. The excitation was a
76 kHz, 200 microsecond tone burst. As seen in Figs. 3-17
and 3-18, the prototype approached steady state in approxi-
mately 15 cycles and decayed to the 1/e point in approxi-
mately 10 cycles. This gives a fair estimate for the Q as
on the order of 15 [Ref. 17], which is moderately low.
Horizontal beam patterns were taken at 3 meters and are
shown in Fig. 3-19.
The continuing time constraints, lack of pulse
definition and receipt of the ITC projector precluded a
continuation of the analysis of this prototype projector.
6 . ITC Projector
The projector constructed by ITC is a line-in-cone
arrangement of 14 "Channel 5400" [Ref. 15] cyclinders
radially polarized. Details of the structure are shown in
Figs. 3-20 through 3-22 [Ref. 18]. The measured capaci-
tance was 38 nanofarads.
The design specifications given to ITC were that
the projector have a low Q, high power rating, natural




Fourth prototype transducer tone burst response
for 64 cycle tone burst at 76 kHz. Vertical;















Fourth prototype transducer tone burst rise time
for 64 cycle burst at 76 kHz. Vertical; 0.05





Fourth prototype transducer tone burst fall time
for 64 cycle burst at 76 kHz. Vertical; 0.05









Fourth prototype beam pattern at a range


































Schematic diagram of electrical circuit in
14 element line array of ITc transducer.
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of 400 meters. The line of cylinders is centered in a 45
degree cone covered with a pressure release material and
sealed with neoprene rubber and potting compound. The line
of cylinders is encased in potting compound with an
acoustic impedance equivalent to sea-water. The electro-
mechanical characteristics of the ITC projector are given
in Figs. 3-23 through 3-25 and were determined by the same
method as those of the fourth prototype [Ref. 16]. A
specific near-field beam pattern at 100 kHz as provided by
ITC is shown in Fig. 3-26.
The ITC projector was suspended in the anechoic
tank and shock excited with a 200 VDC drive delivering a
240 volt spike to the projector. This produced a primary
pulse that was nearly monochromatic at 91 kHz. The pulse
shape displayed increased definition and was predictable in
range and distance off axis. Photographs and details of
this pulse are discussed in the following chapter. The
subsequent operating drive voltage was 4 00 VDC which pre-
sented a 480 volt spike to the projector.
Due to the system design criterion of operating in
close proximity to the bottom within the collimated near-
field beam produced by this projector, a beam pattern in
the classical sense is of marginal value. Therefore, a
cross-section profile of the radiated pressure field was
deemed to be more useful. These cross-sections were taken


























































































































































Line-in-cone transducer beam pattern at a range
of 2 m at 100 kHz (supplied by manufacturer)
.
This pattern is misleading because it is
measured in the cylindrical near-field portion
of the field, rather than in the conical far-field
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cross-sections were taken only at 2, 3 and 4 meters to
ensure symmetry with the horizontal cross-sections. Details
of these profiles are given in the following chapter and
exhibit some interesting characteristics not predicted by
current theory [Ref. 6].
B. TRANSMITTER PULSE CIRCUIT DEVELOPMENT
The basic transmitter pulse circuit design was devel-
oped from a combined transmit/receive circuit employed in a
side scanning sonar towfish developed by Klein Associates
of Salem, New Hampshire [Ref. 19] . The Klein transmit pulse
circuit contains a resistance charging network coupled to a
750 VDC power supply and fired by a silicon controlled
rectifier (SCR) and a 15 volt trigger pulse. At triggering,
the charging network discharges through a 2.5:1 (at 100 kHz)
step up pulse transformer whose secondary is coupled to the
towfish transducer.
Since this circuit met the basic design requirements
for this thesis, a prototype was assembled from components.
One deviation from the Klein circuit was the use of two
Klein pulse transformers. The transformer primaries were
connected in series and the secondaries in parallel for
this experiment. This configuration was chosen because it
was expected that the experimental transducer capacitance
would be significantly higher than that of the Klein
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transducer and the reduced secondary inductance would allow
a higher resonant frequency. See Fig. 3-27 for details.
The circuit did not initially function as constructed
in that the SCR would not trigger. It was determined that
capacitor C-1, originally 2.2 microfarads, was defective.
Capacitor C-1 was replaced with a 10 microfarad capacitor
and the pulse circuit began to function.
A later problem encountered in the pulse circuit
involved the overheating and opening of R-4 (10 kilo-ohm,
10 watts) at applied voltages above 400 VDC. The first
replacement was a 5 kilo-ohm, 25 watt resistor. The lower
resistance was chosen to reduce charge time and allow an
increased pulse repetition rate. This resistor also over-
heated during operation and was replaced with the 5K ohm,
38 Watt resistor shown in Fig. 3-27. No further problems
with charging resistor overheating were encountered.
During later experimentation at high applied voltages
the SCR failed, probably due to excessive peak inverse
voltage. This 800 volt SCR was replaced with the 1200 volt
SCR shown in the schematic with no further failures.
The pulse circuit functioned well in conjunction with
the second prototype transducer. The capacitance of the
fourth prototype transducer, however, was so great that a
different pulse transformer with greatly reduced secondary
inductance was required. Several pulse transformer config-














Transmitter pulse circuit schematic diagram.
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composed of an 8 centimeter diameter molybdenum toroidal
core 2.5 centimeters thick with a 7 turn bifilar wound pri-
mary and a 14 turn bifilar wound secondary for 2:1 step up.
All windings were of 14 gauge transformer wire. Even while
employing this transformer, pulse clarity and efficiency
were not as good as desired. Several loss inductors were
inserted without success because the loss inductors matched
the transmission line to the pulse circuit, instead of to
the transducer. In addition, losses across the inductors
drastically reduced pulse power. This configuration, how-
ever, functioned satisfactorily and was utilized until the
transducer purchased from the International Transducer Cor-
poration arrived. For this transducer the Klein trans-
formers were reinstalled in the configuration previously
described. The pulse circuit remained in this configuration
for the remainder of the experiment with excellent results.
The high voltage potential to the transmitter pulse
circuit was supplied by either one or two Hewlett Packard
model 712A 0-500 VDC power supplies connected in series.
The number of power supplies used depended on the source
under test. The SCR trigger pulses were supplied by a
Wavetek model 116 oscillator. During experimentation, DC
potentials varied between 20 volts and 1000 volts while
trigger pulse amplitude varied between 15 and 3 volts and
pulse repetition frequency ranged between 15 and 40 HZ.
The parameters used depended on the particular source
61

employed in the experiment. Fig. 3-28 shows a transmitter
block diagram.
A different transmitter power configuration was employed
during the tone burst analysis of each transducer. Two
Wavetek model 116 oscillators were used to provide tone and
pulse repetition. The output tone was then amplified using
either an Instruments Incorporated model LCD3-2 Kilowatt
amplifier or a Krohn-Hite model DCA-50, 50 Watt amplifier
with a model MT-56 matching transformer. The load impedance
setting on the matching transformer was set at 32 ohms.
C. LOW PASS FILTER CIRCUIT DEVELOPMENT
The low pass filter was employed to suppress primary
frequency components from the received echo. The design is
based on a filter used in previous experimentation in non-
linear acoustics by the Naval Underwater Systems Center in
New London, Connecticut [Ref. 20]. The filter is a passive
network composed of three RC filters in cascade. All three
stages have the same time constant. This filter was chosen
for its passivity and because an LC filter would have caused
ringing problems in the receiver system due to the short
time duration of the desired signal return. The filter has
a cutoff frequency of 5 kHz with a 60 dB/octave rolloff. A









































Receiver circuit low pass filter schematic diagram,
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D. RECEIVER CIRCUIT DEVELOPMENT
The same basic receiver configuration was utilized
throughout the experiment. A block diagram of the system
was shown in Fig. 3-28.
Experimentation during development was conducted in the
Naval Postgraduate School anechoic tank and later in the
swimming pool (these facilities will be described later) .
A Celesco LC 10 hydrophone was utilized as the acoustic
sensor. Hydrophone specifications are presented in table
3-1 and Fig. 3-30 [Ref. 21]. Bistatic geometry was used
throughout these experiments. The hydrophone output was
split, with one output connected directly to the oscillo-
scope for primary frequency pulse observation. The second
output was coupled to the low pass filter input for
processing.
The low pass filter output was then connected to a
Krohn-Hite model 3500 electronic band pass filter initially
set at 20 Hz to 20 kHz. The band pass filter output was
passed through an Ithaco model 1201 low noise preamplifier
set at DC to 30 kHz bandpass with a gain of 500. The pre-
amplifier output was coupled to the oscilloscope for
observation of pulse self-demodulation.
The Krohn-Hite filter was placed before the preamplifier
in the receiver circuit to avoid non-linear electronic
effects, since the Krohn-Hite filter is overdriven by input




CELESCO LC-10 HYDROPHONE PARAMETERS [Ref. 21]
Capacitance with 25 FT of cable 7500pf
Useful frequency range 0.1 to 120,000 Hz
DC resistance (minimum) 1000 Megohms
Maximum pressure 2000 psi
Horizontal directivity @ 100 kHz +/- . 1 dB
Vertical directivity ^ 25 kHz +/- 2 . dB
Operating temperature range -60 to 100 C
Thermal sensitivity 0.3 dB/C
Weight with 25 FT of cable 10 oz










































at ranges of 15 meters or less and the preamplifier output
would have been significantly greater than this limit. It
was also felt that the noise levels in the test environment
or the band pass filter would not be significant enough to
dictate interchanging the position of the band pass filter
and the preamplifier in the receiver system. This assump-
tion did prove to be correct.
Later experiments were conducted in Liberty Bay at the
Acoustic Test Facility, Naval Undersea Warfare Engineering
Station, Keyport, Washington, (this facility will be
described later) . The longer ranges involved, 30 to 40
meters, dictated the use of a more sensitive and/or more
directive acoustic sensor. A Scientific Atlanta, Inc.
\ model TR225/WQM sonar test transducer was utilized (see
Fig. 3-30) with a receiving voltage sensitivity of -203 dB
re 1 micropascal. This element has a 5 dB to 6 dB advantage
over the LC-10. Directivity gain was also improved via the
use of an existing mount for the TR225 consisting of a cell-
tite neoprene lined aluminum cone of 40.7 centimeter diame-
ter. Cone height was approximately 11.3 centimeters. Based
on a circular piston with a radius of 20.35 centimeters, and
a mean secondary frequency of 9 kHz , the directivity index
was estimated to be approximately 18 dB [Ref. 22].
An additional desirable trait of this sensor is that its
sensitivity falls off rapidly for frequencies above 30 kHz.
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This provides an additional filtering effect to suppress the
primary frequency.
In addition to the employment of a different hydrophone
for this test, the receiver circuitry was further optimized
by the interchange of the low noise preamplifier and the
band pass filter as mentioned earlier. Also, the preampli-
fier bandwidth was reduced to DC to 10 kHz and the band
pass filter bandwidth was reduced to 20 Hz to 10 kHz. The
receiver system performed well in both configurations. In
the Liberty Bay test, however, the full directivity gain of
the TR225 could not always be completely utilized because
the bistatic geometry in use dictated that the receiver
cone be physically displaced about 0.5 meters off the pro-
jector axis. Thus, the receiver system suffered somewhat
from parallax. Fig. 3-31 shows the experimental config-
uration used in the Liberty Bay test.
All of the receiver circuitry was examined for linear
behavior by injecting a tone burst of stepped amplitude
into the receiver system and checking the output at each
stage of the receiver with an oscilloscope. Linear response
to amplitude changes and comparison of observed waveshape
and frequency spectrum to theoretical predictions were made.
Transient response amplitude was observed to be approxi-
mately 2% of the applied voltage. Both hydrophones were




Experimental projector (left) and
receiver (right) configuration used
for experiments at the Acoustic
Test Facility, Keyport, Wa.
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observed in the receiver system of the sensors. See
Fig. 3--32 for receiver system tone burst response.
E. ANECHOIC TANK DESCRIPTION AND EXPERIMENTATION
Initial experimentation for all of the projectors
occurred in one of two anechoic tanks located on the Naval
Postgraduate School campus. The tanks are 7.3 meters long,
1.9 meters wide and are filled with fresh water to a depth
of approximately 2 meters. Fluid temperature in these tanks
remains fairly constant at 22 degrees centigrade. The walls
and floor of the tanks are lined with an aluminum loaded
butyl rubber anechoic material whose configuration consists
of very closely spaced outward pointing cones 3.5 centi-
meters high and 2 centimeters in diameter at the base. A
graph of reflection loss in dB versus frequency for normal
incidence is included as Fig. 3-33.
The tanks were utilized for short range measurements
involving near field and far field determinations for all
of the projectors. Source level measurements were also made
for the primary frequency pulse and the secondary pulse
using the described receiver system. Some beam pattern data
for the primary and secondary at several ranges were col-
lected for the second and fourth prototypes. For the ITC
projector, horizontal and vertical cross-sections for both
signals of interest were collected instead because of the




Tone burst response of receiver circuit (without
hydrophone) for 8 cycle tone burst at 91 kHz.
Preamplifier gain = 1. Scales: Vertical (upper)

































































data were also taken at several ranges of interest. Some
reflection and penetration tests using a 2 millimeter thick
steel plate were performed using the ITC projector. Back-
ground, primary and secondary frequency data was also col-
lected for the ITC and fourth prototype projectors. The
measurements in all cases were conducted by placing the
projector at the center of one end of the tank and con-
trolling receiver position in precise centimeter intervals,
both horizontally and vertically, through the use of a
mobile calibrated track that spanned the tank width. Source
reflection problems from the wall behind the projector were
not a problem because of the reflective apparatus on the
projector and the anechoic material on the tank walls. Spot
measurements of the sound fields behind the projectors
demonstrated this assumption to be correct.
F. SWIMMING POOL DESCRIPTION AND EXPERIMENTATION
An attempt was made to utilize the Naval Postgraduate
School swimming pool for acoustic measurements of the ITC
and fourth prototype projectors at ranges greater than 6.5
meters. The pool is a concrete enclosure approximately 18
meters wide and 3 5 meters long with water depth varying
from 3 meters at the deep end to 1 meter at the shallow end.
During experimentation, the water composition was essen-




Both sources were suspended from the diving board to a
depth of approximately 1.3 meters. For the fourth prototype
projector, beam cross-sections were taken at ranges out to
15 meters. For the ITC projector, one cross-pool data set
was taken at a range of approximately 17.5 meters. All data
were taken in the deep end of the pool. In both cases the
data were extremely difficult to accurately collect due to
high levels of radio frequency and 60 Hz line noise in the
pool. Several 60 Hz notch filters were inserted in the
receiver system, but little improvement was noted. Again,
the sound fields behind the projectors were probed and found
to be negligible. Because of the noise and range limita-
tions imposed by the pool, the decision was made to attempt
more extensive, longer range experiments at another loca-
tion. The Acoustic Test Facility at the Naval Undersea
Warfare Engineering Station, Keyport, Washington was chosen.
G. ACOUSTIC TEST FACILITY DESCRIPTION AND EXPERIMENTATION
The Acoustic Test Facility, Naval Undersea Warfare
Engineering Station, Keyport, Washington is a barge of
approximately 0.6 meters draft located in Liberty Bay, an
arm of the Pacific Ocean. Thus, the facility is located in
an essentially ocean environment. During the three days of
experimentation, water depth varied between 8 meters and
15 meters, depending on the tide. Sediment conditions below
the barge, as provided by divers, were 30 to 50 centimeters
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of moderately firm silt with a wet density of approximately
1627 kilograms per cubic meter [Ref . 13] . The sound speed
in the region at an average temperature of 10 degrees centi-
grade is approximately 1491 m/s. The ITC projector was the
only one used during these tests.
Three major experiments were conducted. In the first,
no targets were employed and attempts to determine sediment
depth data from the time difference between the primary and
secondary pulse returns were conducted with some success.
For the second test, a 20 centimeter diameter sphere made
of 14 gauge steel and filled with a fluid mixture of freon
and ethanol was utilized. Sphere weight in air was 8.86
kilograms. The sphere had sufficient mass per unit area in
water to at least partially penetrate the sediment, and by
tracking the primary and secondary returns as the sphere
was lowered into the bottom, estimates of the sediment
depth could be obtained and compared to the previous data.
For the third experiment, an inert and nearly neutrally
bouyant MK-46 torpedo body was the target. The torpedo is
approximately 2.6 meters long and 46 centimeters in
diameter. Since the torpedo was nearly neutrally bouyant,
it did not penetrate the sediment. The torpedo did,
however, provide the opportunity to observe primary and
secondary returns from a hard object other than the bottom.
Data were collected for torpedo orientations which were
both lateral and longitudinal with respect to the source.
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One 60 Hz notch filter was employed in the receiver
system during these tests. No radio frequency or line
frequency noise interference was noted.
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IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. EQUIVALENT CIRCUIT
An equivalent circuit model for the ITC line-in-cone
transducer is shown in Fig. 4-1 [Ref . 23] . The component
designations are defined as follows:
Rd — dielectric loss resistance
Co — blocked capacitance
Rl — mechanical loss resistance
Rr — radiation resistance
C — mechanical capacitance
L — mechanical inductance
For the purpose cf this thesis, Rd is assumed to be an
open circuit, as dielectric losses are assumed negligible
in comparison with other circuit losses. The other compo-
nent values were determined from data obtained during an
investigation via a computerized transducer analysis system
[Ref. 16]. The transducer was operated in air and the
analysis system provided values for the resonance frequency,
blocked capacitance, mechanical loss resistance, mechanical
quality factor (Q) , static coupling coefficient and dynamic
electromechanical coupling coefficient.
The blocked capacitance and mechanical loss resistance
values were applied directly. The electromechanical













used to find C as per equation 14.46a of Ref. 22. Equation
5.38 of Ref. 23 was then used to find L. The value for Rr
was determined by measuring the "circle" diameters of
Figs. 3-24 and 3-25 and utilizing several of the equations
presented in chapter 5 of Ref. 23. Of note is the fact
that Fig. 3-25 does not display a clear-cut circle. A
circle diameter of 0.9 ohms was assumed, based on a revolu-
tion of the small arc between 11.5 and 12.1 ohms on the
motional reactance scale. It is acknowledged that this is
not the best approach, but it is accurate enough for this
thesis.
The computer calculated value for the blocked capaci-
tance compared very favorably with the value measured using
an HP 4261A LCR meter noted in Chapter III of this thesis.
Further, the computer calculated resonance frequency and
quality factor compared favorably with observed data at
89.3 kHz and 5.9, respectively.
With regards to coupling coefficients, the computer
analysis produced a static k of 0.73 and an electro-
mechanical coupling coefficient of approximately 0.1 for
the air-loaded case. The static k compares favorably with
the general specifications listed in Ref. 24, especially
for this transducer in which the individual ceramic elements
are isolated from each other. The electromechanical coup-
ling coefficient is also reasonable for a low Q transducer




There are two different approaches which will be used
to calculate the efficiency of the ITC line-in-cone trans-
ducer. The first is a graphic method employing the data of
Figs. 3-23 through 3-25. The second approach utilizes an
output power/input power ratio.






Dv is the motional impedance circle diameter from Fig. 3-24,
DL is the motional impedance circle diameter from Fig. 3-25
and Ree is the resistance value at resonance from Fig. 3-23.
From these figures: Dv = 19.25 ohms, DL = 0.9 ohms and




The second approach is detailed in equation (2.101) of




where: Pr = peak axial acoustic pressure at 1 meter
D = directivity of the source
PC = characteristic impedance of the medium
V = peak voltage input to the transducer
cos^ = power factor due to input impedance
From oscilloscope and impedance meters, it was deter-
mined that during normal operation, (configuration described
in Chapter III), V = 480 volts, Z = 14.8 ohms and = 39
degrees. The characteristic impedance for the anechoic tank
is approximately 1.478 x 10 Pa.s/m.
The directivity is stated to be 3467 (this figure will
be derived later in this chapter) and the peak axial pres-
5
sure at one meter was measured to be 3.09 x 10 Pa,
Inserting these figures into equation 4-2 results in an
efficiency for this approach of 0.019 or 1.9%.
82

Comparison of the results of both methods demonstrates
that the agreement between the two approaches is not excel-
lent. The general implication is, however, that the trans-
ducer is operating at a very low efficiency, probably around
1 to 3 percent.
C. ON-AXIS BEHAVIOR
The on-axis data of the primary and secondary peak volt-
age amplitudes were taken in the tank in the basement of
Spanagel Hall using the same source and receiver configur-
ation as described in Chapter III. The LC-10 hydrophone was
mounted to a metal rod that was clamped vertically to hori-
zontal metal rails. The rails as well as the rod were
scaled and the position of the hydrophone could be adjusted
in horizontal and vertical position with an accuracy within
0.5 centimeters. The ITC transducer was mounted to a metal
rod and submerged to a depth of one meter pointing along
the length of the tank. The input voltage was set to 400
VDC from the power supply with a pulse repetition rate of
25 Hz. The primary peak voltage amplitude was monitored
directly on the oscilloscope and the secondary pulse was
processed through the receiver system previously described.
The setting on the Krohn-Hite bandpass filter was 20 Hz to
10 kHz. The Ithaco low noise amplifier was AC coupled and
set to DC to 10 kHz with a gain of 500. This experimental
setup was used in all the experiments conducted and any
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deviations from these settings will be mentioned when
describing the respective experiment.
The on-axis data were taken in 5 centimeter intervals
from 0.6 meters to 2.5 meters distance from the source and
from there on in 50 centimeter increments to a distance of
6 meters. For both pulses the peak voltage amplitude was
recorded at each position and the data are plotted in
Fig. 4-2 for the primary and Fig. 4-3 for the secondary.
Both graphs show the 1/R behavior of the on-axis peak volt-
age after the last maximum. Although the maximum of the
secondary pulse is more distinct, one basically can assume
that both maxima coincide. Further analysis of these data
will be presented later in this chapter.
D. BEAM CROSS-SECTIONS
Instead of taking beam patterns of the primary and sec-
ondary pulses, cross-sections of the peak voltage amplitude
were established at various ranges. This method was
believed to demonstrate more clearly the degree of collima-
tion of the primary beam. The data were taken at 2 , 3 and
4 meters distance from the source in horizontal and vertical
directions. These cross-sections showed near-perfect sym-
metry of the beam. Therefore, only horizontal cross-
sections were taken beyond 4 meters. All data are tabulated
in Tables 4-1 to 4-10 at the end of this chapter. Composite

















































































shown in Figs. 4-4 and 4-5, respectively. The primary beam
proved to be not perfectly collimated and evaluation of the
data revealed an average -3dB beam width of 3.4 degrees.
The secondary peak voltage amplitude cross-sections show a
rather peculiar behavior. Instead of decreasing in ampli-
tude at both sides of the beam axis, the peak voltage ampli-
tude increases until it reaches a maximum value off-axis and
then falls off faster than the peak voltage amplitude of the
primary pulse. A similar behavior was observed by Moffet,
Westervelt, and Beyer [Ref. 10, 11] when they rotated the
transducer in their experiment and kept the hydrophone in a
fixed position. They also offered a possible explanation
for this phenomenon by suggesting that a spatial as well as
temporal differentiation of the primary pulse is taking
place. Berktay's original analytical development [Ref. 6]
does not include this spatial differentiation primarily
because he assumed a perfectly collimated beam. However,
in the case of a sound source with finite directivity, the
spread of the propagation vectors in the primary beam seems
to make this effect plausible. Further substantiation of
this theory is expected from a computer study on difference
frequency propagation from a real source that was conducted
but not yet published by D. Blackstock at the Applied
Research Laboratory in Austin, Texas.
The composite graphs of the secondary beam cross-































































peak amplitude decreases with increasing range and it is
expected that they will completely disappear beyond a cer-
tain range. Despite the unorthodox beam shape, the -3 dB
beam width of the secondary pulse was calculated at differ-
ent ranges and a decrease of this beam width from 4.7
degrees at 3 meters to 4.3 degrees at 6 meters was noted.
Unfortunately, the size of the tank limited the experimental
distance, but projecting this trend of the -3 dB beam width
to greater ranges shows that at approximately 15 meters
distance from the source the secondary beam width will be on
the order of the primary beam width with a single maximum on
the projector axis.
E. MODELLING OF THE SOURCE
Based on the on-axis data and the beam cross-sections,
an attempt was made to model the rather complex line-in-cone
transducer as a circular plane piston and calculate effec-
tive source parameters from the experimental data. For this
purpose it was decided to include the primary pulse data
taken at 17.5 meters in the swimming pool. A beam pattern
of the primary is shown in Fig. 4-6.
1 . Effective Aperture
•The effective radius of the ITC transducer was
determined using equation 8.34 of Ref. 22 in conjunction
with the last on-axis maximum of the primary pulse and using









Line-in-cone beam pattern at a range of 17.5
meters at 90.9 kHz.
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oscilloscope photographs. The calculated values for the
effective radius of the transducer range from 0.149 meters
to 0.157 meters depending on the distance used for the on-
axis maximum of the primary pulse. Evaluation of the -3 dB
beam width of the primary pulse at different distances and
using equation 8.36 of Ref. 22 resulted in an average effec-
tive radius of 0.145 meters. For further analysis in this
paper, the plane piston model is used in describing the
propagation of the primary pulse by assuming a 0.15 meter
effective radius of the piston. The accuracy of this calcu-
lation is within 5 millimeters. To calculate an effective
aperture of the source for the secondary pulse is futile
since Berktay's theoretical development [Ref. 6] does not
use an actual physical source but rather a source region of
indeterminate length but with a finite cross-section. To
calculate an effective cross-section for this source region
further analysis will be made later in this thesis and the
result will be presented and discussed later in this
chapter.
2 . Source Level
Based on the on-axis data of the primary pulse and
using equation 8.37 of Ref. 18, the peak source level of
the primary pulse was calculated. The sensitivity level
of the receiver hydrophone was taken from Fig. 3-30. The
source level of the primary was determined to be 229.8 dB
re 1 micropascal which corresponds to a peak pressure of
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53.09 X 10 Pa at 1 meter. The accuracy of this calculation
is within 0.5 dB or 0.17 x 10 Pa. This source level was
used in modeling the on-axis behavior of the secondary
pulse.
3 . Directivity
Based on the calculated effective radius of the
transducer and calculating the magnitude of the propagation
vectors, assximing a primary frequency of 90.9 kHz and a
sound speed of 1481 m/s, the directivity of the transducer
was found by using equation 8.51 of Ref. 22. A value of
35.4 dB for the directivity index was calculated and again
the accuracy is within 0.5 dB.
F. ACOUSTIC POWER
Using the beam cross-section data, from Table 4-1 the
acoustic power in the primary and processed secondary beam
(without the gain of 500) was calculated by using the QTFG
subroutine on the IBM 370/3033 AP of the Naval Postgraduate
School. This program used the trapezoidal rule to perform
integration on monotonically tabulated data. The integral










Li/= acoustic power in Watts
M = hydrophone sensitivity in volts/Pascal
V(r) = peak voltage amplitude at distance r in meters
from the axis
a = maximum distance from axis (0.25 meters)
jc = 1.48 X 10^ Pa.s/m [Ref. 22]








The results show that the power in the secondary beam
decreases faster than 1/R, an observation that must be
viewed in context with the decrease in the off-axis maxima
of the peak voltage amplitude with increasing distance from
the source as described previously. In contrast to this
rapid fall off, the primary power decreases slower with
increasing range. The reduction is only 18% between 3.0
and 6.0 meters and may be regarded as a measure of the















G. EFFECTS OF THE MEDIUM
In order to ensure that the processed secondary pulse
was actually due to the self-demodulation of the primary
pulse, experiments were conducted to investigate the non-
linear growth of the secondary pulse amplitude with respect
to the primary peak pressure amplitude at 1.0 meter, and to
observe the independent propagation through an interface.
In addition, computer simulations were performed to analyze
the pulse shape of the secondary as a function of the enve-
lope of the primary pulse and the processing in the receiver
system.
1 . Non- linear Growth
The growth of the primary and secondary pulses with
respect to input voltage was investigated at 3 , 4, 5 and 6
meters distance from the source. The input voltage from the
DC power supply was increased from to 400 VDC in 40 volt
steps. The receiver settings were the same as described in
Section C of this chapter. The recorded data at the various
ranges are plotted in Figs. 4-7 through 4-10. The data show
a perfectly linear behavior of the primary peak voltage
amplitude with respect to the input voltage. The secondary
peak voltage amplitude grows non-linearly and evaluation of
the data shows an average value for the exponent of 1.6.
That implies that the secondary peak voltage is dependent
on the primary peak voltage raised to the power of 1.6 since
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input voltage. The ideal exponent is 2.0 as found by
Berktay [Ref . 6] , but due to the not perfectly collimated
primary beam, one expects spreading losses and, therefore,
the exponent must be less than 2.0. Again, this experi-
mental value of 1.6 was used as an effective parameter
value for further analysis.
2 . Interface
The independent propagation of the two pulses
through an interface was investigated by placing a steel
plate of 2 mm thickness in the beam and taking beam cross-
sections of the primary and secondary peak voltage ampli-
tudes then comparing those to cross-sections taken without
the steel plate. The receiver hydrophone was placed 3.0
meters from the source and the receiver system settings
were as previously described. The primary and secondary
voltages were recorded and photographs of the oscilloscope
presentations were taken. The steel plate was then placed
between the source and receiver at a point 0.7 meters from
the hydrophone. The same cross-sections were taken again
and the photographs were repeated. Without the plate,
received peak primary and peak secondary voltage amplitudes
were 3.4 volts and 0.12 volts, respectively. With the
steel plate, the amplitudes were 1.8 volts and 0.11 volts,
respectively. Thus, the steel plate caused a 47% reduction
in the received primary peak voltage on axis, while the
secondary peak voltage amplitude experienced only a very
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minute reduction. The photographs are shown in Fig. 4-11.
Another interesting result of this experiment is that the
off-axis maxima had disappeared, but the on-axis secondary
peak voltage amplitude had not changed by any significant
amount.
3 . Computer Simulation
Berktay's theoretical development [Ref. 6] shows
that the secondary pulse is proportional to the second time
derivative of the square of the envelope of the primary
pulse. To ensure that the observed secondary pulse that
was processed through the receiver system shows this pro-
portionality, a computer simulation of the receiver system
was generated. For this purpose, the envelope of the pri-
mary pulse was developed from oscilloscope photographs,
normalized to unit amplitude and digitized in 80 data points
at 1 microsecond intervals. A smoothed graph of this enve-
lope is shown in Fig. 4-12. Based on these eighty data
points a five point numerical differentiation of the enve-
lope was performed twice by using the DET5 subroutine on the
IBM 370/3033 AP of the Naval Postgraduate School. A graph
of the resultant pulse is shown in Fig. 4-13. As expected,
the leading edge of the primary envelope created high fre-
quency second derivatives since it is only 1.5 to 2 cycles
of the primary frequency long. These frequency components
are on the order of the primary frequency. The longer




Received primary pulse and processed
secondary envelope at 3 meters with
steel plate (top) and without plate
(bottom) . Vertical; (upper) 2 volts/cm,































































cycles of the primary frequency and produced second deriva-
tives that are lower in amplitude and frequency as compared
to the derivatives produced by the leading edge. These
lower frequency components are on the order of 15 to 20 kHz
10 2 10 2
and have an amplitude of 1.0 x 10 /sec to 1.5 x 10 /sec .
The following computer simulation of the low pass filter
shows that these components form the major part of the
observed processed secondary pulse. Before describing the
simulation of the low pass filter it appears to be necessary
to state once more the reason for using the filter on the
receiving side: to simulate the attenuation of the medium
over long distances by suppressing the high frequency com-
ponents of the primary pulse. The calculated second deriva-
tive of the square of the primary pulse envelope was further
processed by performing a numerical convolution with the
impulse response of the low pass filter. To this end, the
nodal equations of the circuit shown in Fig. 3-31 were
developed and the impulse response of the low pass filter
was computed using the lODE subroutine on the IBM 370/3033
AP. This subroutine solves systems of first order differ-
ential equations and allows the simulation of a delta func-
tion input. The impulse response computed by this program
is shown in Fig. 4-14. The convolution of this impulse
response with the second derivative was performed by an
algorithm based on a numerical convolution technique







The result of this convolution is shown in Fig. 4-15. As
can be seen in this figure, the high frequency components
are completely removed, the electronic time delay caused by
the low pass filter is on the order of 40 to 50 microseconds
and the shape of the pulse is already close to the secondary
pulse shape observed. A one to one comparison is not appro-
priate since our computer simulation did not include the
minute primary carrier frequency phase components that were
also processed through the actual receiver system. It is
also not possible to address one distinct secondary fre-
quency as can be clearly seen from Fig. 4-15, although the
main frequency component is on the order of 15 kHz. The
maximum value of the second time derivative of the square
of the primary envelope was determined to be approximately
9 22.5 X 10 /sec including compensation for the low pass
filter. To account for the effects of the Krohn-Hite band-
pass filter and the Ithaco bandpass amplifier no further
computer simulation was performed. The incoherent attenua-
tion and summing of the frequency and phase components by
these filters makes any detailed simulation very compli-
cated. Therefore, for further analysis a main frequency
component of 15 kHz in the secondary pulse was assumed and
the attenuation of both filters at this frequency and the
gain of 500 were combined into one amplification factor.
The Krohn-Hite bandpass filter has an attenuation of 15 dB


























































[Ref . 27] . The Ithaco bandpass amplifier has an attenuation
of 6 dB at 15 kHz when set to DC to 10 kHz [Ref. 28].
Including the gain of 500, the total gain of the two filters
was determined to be 33 dB with an estimated accuracy of
1.0 dB. Another effect of the two filters was that the main
observed frequency component was shifted from 15 kHz to
approximately 5 kHz by the selected band pass. In addition,
the two filtering processes and the amplification causes
further electronic time delay on the order of 100
microseconds.
4 . Spectrum Analysis
Presence of the self-demodulation effect and its
relative amplitude are indicated in Fig. 4-16. These photos
were taken in the anechoic tank with the LC-10 hydrophone
located 3 meters from the ITC transducer. The receiver cir-
cuit was configured as described in Chapter III. The dis-
played bandwidth is DC to 25.6 kHz.
The top photograph shows the spectrum of the back-
ground noise present (transmitter turned off) . The level
of the displayed spectrum ranges from -6 5 dB re 1 volt at
DC to -80 dB re 1 volt at 20 kHz. The slight "hump" appar-
ent in the photograph terminates at 11.25 kHz.
For the lower photograph, the transducer was in
operation. The spectral level ranges from -60 dB re 1 volt




Frequency spectrum of background noise
(top) and ITC transducer (bottom) as
seen at receiver circuit output. Dis-
played bandwidth 0-25.6 kHz. Difference




range DC to 11.25 kHz, the difference between the spectrums
is greater than 5 dB and less than or equal to 10 dB.
This indicates that the transducer does produce
detectable low frequency spectral components which are
believed to result from pulse self-demodulation, as the
only other low frequency component known to be present was
the 25 Hz pulse repetition rate. Further, considering the
gain of 500 (54 dB) applied to the received signal by the
Ithaco band pass amplifier, the true received voltage level
at 3.75 kHz is approximately -114 dB re 1 volt. This
equates to a received RMS voltage of 2 microvolts, which is
consistent with theoretical voltage amplitudes for the pulse
self-demodulation effect.
H. EFFECTIVE ON-AXIS EQUATION
The preceding presentation of the experimental data and
their analysis now permits a comparison with Berktay's
theory and a modification of it as applied to this system.
Berktay bases his theory on several assumptions that are
summarized as follows:
(a) the normalized envelope function of the primary
pulse varies slowly with respect to the primary frequency;
i.e., the frequency components of the envelope function are
well separated from the carrier frequency.
(b) the attenuation constant for all frequencies can be
taken to be the attenuation constant of the carrier
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frequency because the envelope function covers only a rela-
tively small frequency band.
(c) the primary wave is considered to be a plane wave
and the primary beam is collimated. For cylindrically or
spherically spreading waves, his expression for the on-axis
pressure of the secondary pulse is valid provided the -3 dB
beam width does not exceed the value given by equation 1.13
of Ref. 6. For a narrow primary beam, the results should
be similar.
(d) the attenuation of the secondary pulse is
negligible
.
(e) the cross-sectional area of the primary column is
small compared to the wavelength of the frequencies of
interest; i.e., the main frequency component of the secon-
dary pulse.
Under these conditions, the peak pressure of the secondary
pulse along the axis of the beam is given by equation IV.
9
of Ref. 6:







P(r,t) = the on-axis peak pressure amplitude of the
secondary pulse in Pascals
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B/A = parameter of non-linearity; which for this case
was taken to be 5.2 [Ref. 29]
P = the initial peak pressure amplitude of the
primary pulse at 1 meter in Pascals
S = the cross-sectional area of the primary beam
column
P= the density of the water (998 KG/m^) [Ref. 22]
c = speed of sound (1481 m/s)
Ci = absorption coefficient of the carrier frequency
(196.6 X 10"^ X 10"^ Np/m) [Ref. 18]
r = range in meters from the source
Comparing the primary pulse envelope and the primary
beamwidth produced by the ITC transducer with Berktay '
s
assumptions reveals two violations:
(a) the leading edge of the primary pulse produced fre-
quency components that were not well separated from the
carrier frequency, but these were filtered out in the
receiver system.
(b) the -3 dB beam^width of the primary pulse exceeded
the limit given by equation 1.13 of Ref. 6, but was suf-
ficiently narrow to expect similar results.
The last effective parameter that had to be determined
in order to modify Berktay 's equation was the effective
cross-sectional area of the primary column. Solving equa-
tion 4-4 for S by using the values found in the experi-
mental data and computer simulation, the average effective
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cross-sectional area of the primary column was determined
-3
to be approximately 1.4 x 10 square meters. This corres-
ponds to a circle of 2.1 centimeter radius. The calcula-
tion was made using the following values and assumptions:
(a) the on-axis secondary peak pressure amplitude
decreases inversely with distance from the source.
(b) the peak pressure amplitude of the primary column
is 3.09 X 10 Pa at 1 meter, the source level of the primary
beam.
(c) the extent of the source region is the immediate
near-field of the transducer, which was found to be approxi-
mately 1.5 meters.
(d) the sensitivity of the hydrophone for the secondary
p'ulse was taken to be that at 15 kHz.
(e) the effective exponent for the primary peak pressure
amplitude is 1.6 vice 2.0.
(f) the value of the second time derivative of the
square of the envelope, including compensation for the low
9 2pass filter was 2.5 x 10 /sec .
(g) the total gain in the receiver system was 33 dB.
(h) all other parameter values were as previously noted.
The diameter of the effective cross-section is indeed
less than a wavelength of the main frequency component of
the secondary pulse as postulated by Berktay. This effec-
tive cross-sectional area, together with the other effective
parameters determined in the analysis, allows one to modify
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Berktay's on-axis equation to obtain good approximate values
of the on-axis peak pressure amplitude of the secondary
pulse for ranges beyond those available in the experimental
set-up. The beamwidth of the secondary pulse can be
expected to be on the order of the primary for ranges beyond
15 meters. Based on this evaluation, a virtual source level
for the secondary pulse at 1 meter from the source (exclud-
ing the receiver gain) was calculated to be 320 Pascals,
-3
which IS on the order of 10 smaller than the primary
source level. This result is approximately one order of
magnitude higher than the estimation given in Chapter II.
Table 4-11 shows a comparison of the values calculated using
equation 4-4 as modified by the effective parameters and
"driven" through the receiver system with the peak voltage
levels of the secondary as seen on the oscilloscope.
I. ACOUSTIC TEST FACILITY RESULTS AND ANALYSIS
Several interesting and confirming results were obtained
during experimentation at the Acoustic Test Facility (ATF)
.
The following discussion addresses the three experiments
conducted with a view to demonstrate the practicality of
using the pulse self-demodulation effect in a sub-bottom
profiling sonar system.
1 . Bottom Reflection
At the ATF, the system was set up as described in




CALCULATED AND OBSERVED SECONDARY
VOLTAGE AT VARIOUS RANGES
Distance from Calculated Secondary Observed Secondary
Source (M) Peak Voltage (V) Peak Voltage (V)
2.0 0.25 0.24
2.5 0.20 0.17 - 0.22
3.0 0.17 0.14-0.20
3.5 0.15 0.11 - 0.16
4.0 0.13 0.07 - 0.13
4.5 0.11 0.07 - 0.14
5.0 0.10 0.08 - 0.10
5.5 0.09 0.08 - 0.095
6.0 0.08 0.005 - 0.08
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pointing the transmitter and receiver at the bottom directly
below the test barge. Fig. 4-17 shows the received echo for
this test. At first, the approximately 140 microsecond
delay between the leading edges of both waveforms was
thought to be due to the unknown sediment depth. Upon
closer examination and comparison of Fig. 4-17 with
Fig. 3-32, however, the time delay was deemed as probably
attributable to the electronic time delay in the receiver
circuitry. Unfortunately, the sediment depth and composi-
tion at this particular location is not known.
2 . Focused Sphere Experiment
For the focused 8 inch diameter sphere experiment,
the sphere was suspended via a nylon rope and net so that
the sphere position with respect to the sediment could be
coarsely controlled. The sphere is filled with a mixture
of ethanol and freon and is approximately 14 N negatively
bouyant in water. Sound speed in the sphere is approxi-
mately 800 m/s. In Fig. 4-18, the sphere position is
approximately 0.75 meters above the sediment surface. The
first, small primary reflection is the sphere.
The sphere was lowered to the sediment and appeared
to penetrate the sediment, as denoted by a slight slackening
of the support line and a visible "distortion" of the secon-
dary waveform which appeared to propagate through the wave-
form as the sphere was lowered further. This "distortion"




Received primary pulse and processed
secondary envelope at r=7 meters.
Bottom reflection, Acoustic Test
Facility, Keyport, Wa. Vertical;
(upper) 0.05 volts/cm, (lower) 0.02
volts/cm. Horizontal; 0.1 ms/cm.
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shape to the secondary waveform shown in Fig. 4-18 and
superposed on it.
When the support line went completely slack, the
time delay between the leading edge of the primary and the
processed secondary return from the sphere was measured to
be approximately 350 microseconds. Assuming the time delay
is directly attributable to sediment penetration results in
a sediment surface to sphere depth of (350 microseconds x
1491 m/s) approximately 0.52 meters. Given a 20.3 centi-
meter diameter sphere, this would imply a sediment depth of
at least 0.75 meters.
On the other hand, if it is assumed that approxi-
mately 140 microseconds of the time delay is attributable
to receiver circuit electronic delay as mentioned earlier,
then the remaining 210 microseconds equates to a sediment
depth of 0.31 meters. Adding in the sphere diameter results
in a minimum sediment depth of approximately 0.54 meters.
The actual sediment depth at the sphere's location (which
was not directly below the source) was crudely measured by
divers to be approximately 0.54 meters.
A closer examination of Fig. 4-17 yields a possible
small amplitude secondary return whose time delay is about
440 microseconds. Subtracting electronic delay, this would
equate to a sediment depth of 0.45 meters directly below




Target sphere and sediment surface reflection,
Liberty Bay tests. Sphere approximately 0.7 5
meters above sediment surface. Scales: Ver-
tical (upper) 0.5 volts/cm, (lower) 0.01 volts/
cm; Horizontal 0.1 ms/cm.
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inconsistent considering the increased attenuation presented
by the unconsolidated sediment even at lower frequencies.
These experiments lend credence to the assumptions
that; (a) the electronic time delay is approximately 140
microseconds in duration, and more importantly, (b) pulse
self-demodulation effects are present and are of sufficient
amplitude to allow detection of objects buried in sediments,
though considerably more receiver gain will probably be
required for objects buried more deeply in the sediment.
3 . MK 46 Torpedo Experiments
Two experiments were conducted at the ATF using an
inert, nearly neutrally bouyant MK 46 torpedo. For the
first experiment, the torpedo was oriented such that it was
perpendicular to the direction of sound propagation from
the source. For the second experiment, the torpedo was
parallel to the direction of propagation. Fig. 4-19
(bottom) shows the received echoes for the perpendicular
orientation and Fig. 4-20 shows the received echoes for the
parallel orientation. A check by divers verified that the
torpedo did not sink into the sediment in either experiment.
The most notable feature in both figures is the 180
degree phase shift apparent in the secondary signal returns,
compared to the transmitted pulse and sphere returns. This
phase shift, which is typical for a pressure release reflec-
tion, is consistent since the dummy torpedo does contain




Received primary pulse and processed
secondary envelope at 7 meters for no
torpedo (top) and torpedo lateral to
source (bottom). Vertical; (upper)





Received primary pulse and processed
secondary envelope at 14 meters with
torpedo longitudinal to source. Ver-
tical; (upper) 0.5 volts/cm, (lower)
0.1 volts/cm. Horizontal; 0.2 ms/cm,
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voided fuel tank sections. This phase shift is not apparent
in the primary signal returns. This indicates that a future
sub-bottom high resolution sonar system utilizing this tech-
nique would not only be able to detect objects in the uncon-
solidated sediments, but would also be able to classify them
to some extent.
Another notable feature of Fig. 4-19 is apparent
when it is understood that both photographs display the same
time period; i.e., no receiver controls were altered. In
the top photograph, a secondary echo occurs approximately
360 microseconds later than the torpedo reflection shown in
the bottom photograph. This equates to a propagation dis-
tance of approximately 0.54 meters. The diameter of a MK 46
torpedo is approximately 0.32 meters. The 0.22 meter dis-
crepancy can be partially accounted for by the geometry of
the experiment, which required the source to be tilted to
approximately a 42 degree angle with respect to the local
vertical in order to be aimed at the target.
Fig. 4-20 displays another interesting effect for
the parallel target case. From the photograph, it can be
seen that the duration of the secondary return is about 1.7
milliseconds, which equates to a propagation distance of
(1.7 ms X 1491 m/s) approximately 2.53 meters. A MK 46 tor-
pedo is 2.59 meters in length. The obvious implication is
that a future sub-bottom imaging system may be capable of
discerning target orientation in the sediment via echo
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duration for the secondary return. No such pulse stretching
was observed for the primary high frequency echo which is
typical of specular reflections from extended objects.
Therefore, the ATF experiment demonstrated to a
great extent the feasibility of utilizing the pulse self-
demodulation effect in a sub-bottom high resolution sonar
system. Further, the accuracy and target discrimination
demonstrated by this system during the experiments make it




HORIZONTAL BEAM CROSS SECTION DATA AT 2 METERS RANGE
(Preamplifier gain = 500)
Receiver Position Left or





















































VERTICAL BEAM CROSS SECTION DATA AT 2 . METERS RANGE
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HORIZONTAL BEAM CROSS SECTION DATA AT 3 METERS RANGE
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Receiver Position Left or







































VERTICAL BEAM CROSS SECTION DATA AT 3 METERS RANGE
(Preamplifier gain = 500)














































HORIZONTAL BEAM CROSS SECTION DATA AT 3 . 5 METERS RANGE
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HORIZONTAL BEAM CROSS SECTION DATA AT 4 METERS RANGE
(Preamplifier gain = 500)
Receiver Position Left or








































HORIZONTAL BEAM CROSS SECTION DATA AT 4 . 5 METERS RANGE
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HORIZONTAL BEAM CROSS SECTION DATA AT 5 METERS RANGE
(Preamplifier gain = 500)
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HORIZONTAL BEAM CROSS SECTION DATA AT 5 . 5 METERS RANGE
(Preamplifier gain = 500)
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HORIZONTAL BEAM CROSS SECTION DATA AT 6 METERS RANGE
(Preamplifier gain = 500)
Receiver Position Left or








































V. CONCLUSIONS AND RECOMMENDATIONS
The primary goal of this thesis was to design and con-
struct a sub-bottom high resolution sonar utilizing the
non-linear self-demodulation of a pulsed carrier to locate
and resolve gross features of objects buried in unconsoli-
dated marine sediments. This goal was apparently achieved
although the system is not optimized and could not be tested
under operational (deep water) conditions. The presentation
shows that the self-demodulation effect can be employed in a
real world environment and is in fact a very promising
approach to solve the problem described in Chapter II of
this thesis. It was also shown that the physics of the
effect must be further analyzed to completely understand the
propagation of the demodulated pulse from a real source.
However, equation IV. 9 of Ref. 6 can be modified by empiri-
cally developed parameter values in order to allow fairly
accurate predictions of the secondary sound field as shown
in Chapter IV.
Due to time constraints, the transmission through an
interface into a soft sediment could not be investigated to
the desired extent but the experiments conducted at the
Acoustic Test Facility, Keyport, Washington, indicate that
the self-demodulation effect is indeed a viable solution to
this problem. This is evident in that in addition to
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detection, a means of target classification is available.
By monitoring the phase of the secondary return to determine
whether a rigid or pressure release reflection is involved,
and by measuring the length of the secondary return an
excellent indicator of target size is obtained.
As stated earlier, the system cannot be regarded as
optimized. This is due primarily to the fact that with the
exception of the ITC projector, all components were either
"home made" or off the shelf and not specifically designed
for this system. Under these conditions, the system per-
formed rather well.
The design of the corner reflector transducer needs to
be revised in order to eliminate the mode conversion by
dicing the ceramics. Such a modification would make this
transducer very efficient when operated in the pulse excita-
tion mode. The overall efficiency of the transmitting side
of the system can also be increased by improving the
matching between the pulse forming network and the trans-
ducer. The ideal transmitting system, which depends pri-
marily on the transducer, should create a symmetric primary
pulse of approximately 200 microseconds duration with rise
and fall times on the order of 100 microseconds, maintain a
constant carrier frequency and reach a source level in
excess of 230 dB re 1 micropascal. This optimized primary
pulse would create a secondary pulse with one strong main
frequency component of approximately 7.5 kHz and would
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therefore allow a simplification of the filtering process
on the receiving side by using only one bandpass filter
centered on the secondary main frequency component. If the
overall dimensions of the transducer cannot be increased, a
primary carrier frequency higher than 100 kHz should be con-
sidered in order to further collimate the primary beam and
thereby decrease the spreading losses in the secondary beam.
If by this means the effective exponent for the primary peak
pressure amplitude could be raised from 1.6 to 1.9 a sig-
nificant increase in the secondary peak pressure amplitude
would be achieved, although a higher carrier frequency also
increases the absorption coefficient which would in turn
decrease the secondary peak pressure amplitude as seen from
equation 4-4. There definitely exists an optimum carrier
frequency for a given aperture which still must be deter-
mined. The answer to this problem can be found through
further analytical and experimental studies on the propaga-
tion of the secondary pulse from a real source and further
efforts in this field are highly recommended.
Hindsight indicates a further modification to the
receiver circuitry. The pass bands of the receiver filters
were chosen based on expected results. The computer simu-
lations, however, indicated that the stronger secondary
frequency components v/ere in the neighborhood of 15 kHz.
As a result, an unnecessary 18 dB of attenuation was
probably applied to the signal of interest. Therefore,
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future experiments with this particular system configuration
should probably include modification of the filter pass band
to something on the order of 5 kHz to 20 kHz.
One of the most interesting physical results of this
thesis involves the observed "double hump" in the secondary
beam cross sections. Further efforts should be directed not
only at determining the cause of this effect, but also per-
haps exploiting it for its possible signal processing
advantages
.
The effect is definitely not due to a measurement arti-
fact, since it was observed with several different receiver
hydrophones. Further, this "double hump" has been observed
in at least two other experiments. A similar effect was
observed in a non-linear Surface Acoustic Wave experiment
presented at the IEEE Sonics and Ultrasonics Symposium in
October 1982 [Ref. 30]. The effect also presented itself in
a computer simulation of parametric conversion in the pres-
ence of dispersion conducted by Fenlon and Hamilton
[Ref. 31] . Several plausible mechanisms for the "double
hump" have been postulated. One mechanism suggested by
D. Blackstock [Ref. 32] attributes it to a difference in the
parametric array on and off axis response in that the axial
response is a function of the second derivative of the
square of the pulse envelope while the primary determinant
for the off-axis response is the first derivative of the
square of the envelope [Ref. 33]. Similarly, Morse
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[Ref. 34] in discussing piston transients, showed that the
axial response of the piston is a function of piston accel-
eration, while piston velocity becomes dominant away from
the piston axis. At the Naval Postgraduate School,
Dr. Steve Garrett proposes that the effect could be caused
by a spread in the propagation vectors due to imperfect
transducer beam collimation. Regardless of the mechanism,
the apparent "double hump" is a significant physical phe-
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